ABSTRACT: Within 2015, the LHC is expected to operate close to the design energy of p s =13-14
Introduction
The aim of this study was to determine the behavior of the VMM1 read-out chip under neutron radiation in quantities comparable to those expected at the Run III of the ATLAS experiment. This goal was achieved by writing and reading the VMM1's configuration registers in succession and investigating the occurrence of single event upsets (SEU). These tests were performed at the TANDEM Van Der Graaff accelerator at NCSR Demokritos.
Part of the Phase-1 upgrade [3] of the ATLAS experiment is the replacement of the existing Small Wheels in the end-cap region of the Inner Detector with the New Small Wheel (NSW) in order to maintain a high performance of the muon tracking chambers as well as acceptable Level-1 trigger muon fake rates at a high luminosity environment (L = 2 ⇥ 10 34 cm 2 s 1 in Run III). The NSW will feature two chamber technologies, one focusing on the Level-1 trigger function (small thin gap chambers-sTGC) and one dedicated to precision tracking, where the MicroMEGAS detectors will be integrated [3, 5] .
VMM1 architecture
The MicroMEGAS detectors will incorporate high-performance VMM front-end chips of 64 channels each. These chips [4] offer fast read-out by only reading a channel and its neighbors that passed the adjustable trigger threshold. Then the amplitude, time and address are read through smart token passing where the information regarding the channels of interest becomes available at the VMM's output. This chip also features radiation-hard properties through the IBM 130 nm process.
In addition to these features, the chip also integrates adjustable functionalities which can be accessed through the 1024 global and channel configuration registers, such as selectable gain, threshold, integration time etc. These registers can be set through a GUI environment, such as LABView, which communicates with an Field-Programmable Gate Array (FPGA) evaluation board (digitizer) which in turn serially feeds the information to the specified input of the VMM as a Low Voltage Differential Signal (LVDS) signal. This process takes place during the VMM's "configuration" mode of operation [4] . The first generation VMM chips (VMM1) have been produced and tested, whilst the second generation VMM's testing is under-way. For the purposes of the neutron irradiation tests, two VMM1 chips were utilized.
Preparation
The aim of this project was to assess the behavior of the VMM1 chips by investigating the occurrence of SEUs. For that purpose the configuration registers of the VMM1 chip were sequentially filled and read.
Software modifications
The digitizer, a control electronic card equipped with an Altera FPGA, was used to access the VMM ASIC. The firmware was developed so as to perform writing and reading back the configuration registers as well as to perform proper data readout. Likewise, all functionalities related to the above operation were implemented in the LABView platform user interface [9] . In addition, the LABView platform was adjusted to incorporate an automated section devoted to the neutron irradiation tests where the VMM's global and channel registers were sequentially filled, the information sent to the digitizer and, after a period of two minutes, read through the FPGA and written to a file for later use. All this information was stored in a text file for later inspection but was also available in a real-time manner through a dedicated LABView panel where information such as the bits filled and read each time, the total number of SEUs, as well as information about the energy and current of the beam were available.
In this way, in the event of a SEU, where one of the 1024 bits of the registers would be altered, the time, address and transition of upset (1!0 or 0!1 transition) was monitored by the user as well as saved in a dedicated text file.
Testing
After the software modifications were complete, the whole system was extensively tested with no beam for a total period of two weeks. Additionally, during the days of the neutron irradiation tests, even while the neutron beam was off, the LABView program kept functioning and collecting information whilst saving the results, thus continuing the beam-off testing.
From these tests several results were noted. First of all, an upset on the "input charge polarity" (SP) bit of the 64 th channel was observed in both VMMs which would occur approximately every two hours and only in transitions 1!0. In addition to that, upsets of the same bit but with the opposite transition also took place, but surprisingly only during the off-beam hours of the days of the irradiation tests and not in the two-week testing period before that. Therefore, during the beam tests, upsets of this bit were ruled out from being real SEUs.
Irradiation testing 3.1 Neutron test facility
The neutron irradiation tests took place at the 5.5 MV HV TN-11 TANDEM accelerator of NCSR "Demokritos" in Athens, Greece. In this facility neutrons can be produced though the reactions presented in Table 1 . For the purposes of these tests, mono-energetic neutrons were produced via the 3 H(d,n) 4 He reaction where a deuteron beam of ⇠4-5.5 MeV impinged on a thin solid tritiadedtitanium target deposited on a copper backing. A molybdenum foil of 10 µm was set in front of the tritiated target for wear protection, while the target was cooled by using lateral heat conduction from the Al beam dump/target housing to the surrounding pressured cold air channel. The 3 H(d,n) 4 He reaction using this setup under the aforementioned experimental conditions yielded neutrons of 19-22 MeV.
Setup
For the purposes of these tests, two VMM read-out chips were irradiated by being placed backto-back in close distance to the tritiated target (Fig. 2) . The VMMs were irradiated for a total of 6 days, where in each day the run lasted 8 hours, with the exception of the last day, where the duration of the run was 4 hours. Therefore, the overall run time was 44 hours.
In the first two days the distances of the two VMMs from the target were 26 and 36 mm and the deuteron energy was at 5.5 MeV. The setup was modified in day 3 in order to avoid the effect of parasitic neutrons from the deuteron break-up reaction (indeed, the 2 H(d,np) reaction, originating from deuterium already implanted in the target and the collimators from previous runs is generally acknowledged as being the principal source of low-energy parasitic neutrons), whilst materials around the VMMs which could thermalize the neutron beam, such as plexiglass, were removed. Furthermore, in order to maintain a high energy flux of the neutrons bombarding the VMMs, the solid angle was increased and the read-out chips were placed at 21 and 12 mm away from the target. The deuteron energy was set at 4 MeV for the following 3 days, whilst on the last day the energy was brought again up to 5.5 MeV. The setup is summarized in Table 2 . One last feature of the setup included an extra collimator used to improve the beam flux. Although that feature was added as an improvement, it is worth noting the possibility of deuteron collisions on the collimators themselves, resulting to its breakup, a phenomenon which could produce low energy neutrons.
Monte Carlo estimations
The neutron flux was first estimated through the NeuSDesc program (developed at the JRC Institute for Reference Materials and Measurements, Belgium) by providing inputs concerning the target's specifications as well as the deuteron energy and distances where the two VMMs were placed. The main advantage of NeusDesc is the possibility to include detailed stopping power, energy and lateral straggling calculations for the impinging deuterons, incorporating the widely used SRIM Monte-Carlo code [7, 8] . Fig. 4a and 4b show the results of these estimations for both setups.
As expected, the neutron flux was much higher in days 3-5 where the VMMs were placed closer to the tritiated target, even though the deuteron energy was lower compared to the first two days of testing.
Another important measurement was that of the flux dependance on the opening angle which enclosed the configuration registers. The VMMs were centered with respect to the beam axis and placed at distances 12 mm, 21 mm, 26 mm and 3 mm (Table 2 ) from the target. The configuration registers are located along a narrow band of 8.5 mm length as shown in Fig. 1 and the opening angle in each one of the cases is 20.6, 12.1, 9.8 and 7.1 degrees. As illustrated in Fig. 3 , which shows the measurements taken on the variation of the flux with respect to the opening angle from the beam, the largest variation is for the closest VMM were the flux varies from 24 mb/sr to 16 mb/sr. In all cases the integral was taken into account for the total flux calculation. 
Neutron flux measurements in data
The neutron flux was calculated by normalizing the solid angle subtended by a reference foil with respect to the corresponding one subtended by the VMM. The 197 Au(n,2n) 196 Au reference foil was chosen to measure the incident neutron energies as it satisfies the following requirements: (a) well-known reaction cross-section, (b) high reaction rate, and (c) smooth excitation function. The chosen Au foils were 250 µm thick with 13 mm diameter and were placed at a distance of 5mm from the tritiated target. After ⇠eight hours of continuous irradiation, the induced activity on the samples was measured by a 100% relative efficiency HPGe detector. The absolute efficiency calibration of the HPGe detector was measured with a calibrated 152 Eu point source (at 2.4% accuracy), set at the same position as the activated foil. The source to detector distance was 9 10 cm (depending on the measurement). At this distance, any corrections for pile up and coincidence-summing effects were well below all other sources of uncertainty. A typical Au activation spectrum is shown in Fig. 6 . In all cases differences between the experimentally measured and the calculated neutron fluxes did not exceed 20%. The effect of low-energy scattered neutrons from the Al target housing, the floor and the surrounding materials may be responsible for the slight differences observed (Table 3 ). This measurement was performed for both setups concerning the deuteron energy. 
Single event upsets
The number of SEUs measured after 44 hours of irradiation was 44, out of which 28 were transitions 1 to 0, whilst the remaining 16 were 0 to 1. The total flux gathered at the end of the tests was 3.1 ⇥ 10 11 n/cm 2 . As shown in Fig. 7 , the SEUs appear at random intervals, a fact which is also depicted in Fig. 8 .
This amount of gathered neutron flux corresponds to ⇠one year of irradiation in ATLAS in RunII at the distance of the NSW from the interaction point. This conclusion is drawn from Fig.  10 in [3] , which shows the estimated neutron flux per year in ATLAS for L = 10 34 cm 2 s 1 in various radiuses from the interaction point; at the NSW distance of ⇠1 m, the annual neutron flux is expected to be ⇠ 3 ⇥ 10 11 n/cm 2 . The measured cross section of these SEUs is (4.1 ± 0.7) ⇥ 10 14 cm 2 /bit and it is derived by Fig. 8 . Interestingly, although the SEU occurrences generally showed a linear correlation to the accumulated flux, an unexpected spike of SEUs presented themselves towards the last hours of the measurements. This phenomenon can be better observed in Fig. 9 , where the dependance of the occurrences is shown with respect to the gathered flux, presented separately for each of the experiment phases. Apart from those occurrences, an additional effect was observed; a "global" set of SEUs, which means that all 1072 configuration bits were upset at once. This phenomenon appeared on both VMM's simultaneously and repeatedly during day 6. One of the reasons that might have caused such a behavior is low-energetic neutrons deriving from deuteron on the collimators (Fig.  3 ) that resulted from drifting of the beam away from the target in either case.
Conclusions
In this paper SEU studies were performed on the VMM ASIC manufactured on 130 nm technology, using neutrons of 20 MeV energy at high fluxes. The SEU cross section is measured to be (4.1 ± 0.7) ⇥ 10 14 cm 2 /bit.
After measuring the probability for a SEU occurrence, one can extrapolate to the Run III integrated luminosity. This would roughly amount to 26 SEUs/VMM/year or 1.7 SEUs/min in all 40,000 VMMs which will be installed. This is a rather high rate which could result to potential damage in the NSW data. Furthermore, this rate of SEU occurrence has to be combined with the presence of faulty channel registers, as well as "global" SEUs explained in the previous section (assuming they are not fixed in the 2 nd VMM prototype, also known as VMM2). The overall effect can give rise to loss or faulty data from the NSW. Therefore, the results from this study should be taken into account for the design of the next VMM prototypes.
